At higher order levels chromatin is organized into loops that appear as a result of contacts between distant loci. The aim of this work was to investigate the length distribution of the DNA loops in nucleoids obtained after lysis of either whole cells or isolated cell nuclei. Methods. We used single cell gel electrophoresis to analyze the kinetics of the DNA loop migration from the two nucleoid types. Results. The kinetics of the DNA exit was found to have specifi c features for the two types of nucleoids. At the same time, in both cases, the DNA amount in the electrophoretic track depends linearly on the length of the longest loops in the track. Conclusions. We have concluded that for the loops up to ~100 kb the length distribution appears to be consistent with the fractal globule organization. K e y w o r d s: DNA loop, fractal globule, comet assay, cell nuclei.
Introduction
In eukaryotic cell DNA is organized into multimolecular complex known as chromatin, the spatial organization of which plays an important role in different cellular processes: from gene expression to DNA replication and repair [1] [2] [3] . Despite the comprehensive understanding of the chromatin structure at low levels (e.g. nucleosome) the higher order structural levels remain not completely understood. In recent years several methods have been developed to analyze three-dimensional architecture of the interphase nucleus. An important progress in this fi eld has been made due to the chromosome conformation capture technique (3C) and especially due to its highthroughput modifi cation -Hi-C technique, which allows the mapping of interactions between distant chromatin loci [4] [5] [6] . The analysis of genome-wide interaction maps revealed that at least at megabase scale resolution the chromatin conformation is consistent with a fractal globule organization [4, 7] . The fractal globule is a compact polymer state, which is different from more familiar equilibrium globule in two respects. First, in contrast to the equilibrium globule, the fractal globule is characterized by the absence of knots. The second feature of the fractal globule is that the probability of contacts between distant loci is directly inversely proportional to the contour distance [8] [9] [10] .
Some of these contacts may be preserved to give chromatin loops: it was shown that the formation of loops can be accomplished on the basis of diffusion driven collisions of distant loci and entropy driven crowding [11, 12] . The mechanisms of the loop long time stabilization are very diverse. Chromatin loops may be stabilized as a result of transcription activation or repression that involves enhancer promoter interactions [13] , interactions between insulators [14] , formation of polycomb bodies [15] , and transcription factories [16] . Additionally, looping may arise from the constitutive interaction between DNA sites and protein fi laments of nuclear lamina or other subnuclear structures [17, 18] . Finally, recent results obtained using high-resolution Hi-C technique, the so-called in situ Hi-C, argue that approximately 10 000 chromatin loops are anchored by the CTCF transcription factor and the cohesin subunits RAD21 and SMC3 [6] . The diversity of ways for the chromatin loop formation results in the diversity of the loops itself: their number and size distribution may depend on the cell type, the functional state, the phase of the cell cycle [2, 19] .
In our previous works we have shown that single cell gel electrophoresis (or the comet assay) is an approach which may be applied to study the DNA looping [20, 21] . The method is based on the analysis of electrophoretic migration of DNA from nucleoidsthe structures that are produced after cell lysis in agarose blocks in the presence of detergents and high ionic strength [22] [23] [24] . Such nucleoids have been known for a long time to contain nothing but negatively supercoiled DNA loops attached to some residual protein structures [22, 25] . Our results [20, 21] have supported this view. During electrophoresis the nucleoid loops extended toward the anode to form an electrophoretic track (the comet tail). Certainly, only some part of the most stable loops remains in the nucleoids after cell lysis. However, since these loops preexisted in vivo, the nucleoids can be viewed as «ghosts» which keep some characteristics of the loop domain organization in the cell nuclei.
Applying the kinetic approach to analyze the DNA loop migration we have found the rate of the loop migration to be sensitive to the supercoiling level [20, 21, 26] . We also determined several important characteristics of the loop domain organization: (i) the fraction of loops that migrate at different time of electrophoresis and their size; (ii) the initial supercoiling level in the loops; (iii) the peculiarities of DNA-protein interaction at the loop anchor points [20, 21, 26] . Additionally, some differences in the kinetics of the loop migration were demonstrated for the two types of nucleoids: obtained after a lysis of either whole cells (cell-derived nucleoids) or isolated cell nuclei (nuclei-derived nucleoids) [27] . It has been argued that the kinetic behavior is different due to agarose penetration into nuclei (but not into cells) before polymerization of the agarose gel.
This article is focused on the length distribution of the DNA loops in the comet tail of the cell-derived and nuclei-derived nucleoids. We have found that for the loops up to ~100 kb the length distribution appears to be consistent with the fractal globule organization. This observation points out that the fractal globule model is valid not only at the megabase scale (as it has been shown by the Hi-C technique) but also at the scale of several tens of kilobases.
Materials and Methods

Sample preparation
Human peripheral blood from 3-5 healthy donors was collected into heparinized medical syringe by fi n gerpricking. Lymphocytes were separated by cen tri fugation in a density gradient (Histopaque 1077, Sigma, USA) according to instructions of the manufacturer. Cells then were washed in 0.15 M NaCl twice and used either to prepare microscope slides or to isolate nuclei. Before nuclei isolation lymphocytes were washed twice in STMK buffer (0.25 M sucrose, 50 mM Tris-HCl, 5 mM MgCl 2 , 25 mM KCl, 0.5 mM EDTA, 0.5 mM EGTA, pH 7.4). Then the cell suspension in STMK buffer (2.5 ml) was layered on 1.5 ml of the same buffer containing 2.1 M sucrose and centrifuged 90 min at 19000 g, 4 C. The purity of the isolated nuclear fraction was checked by Western blot analysis using antibodies against histone H1 and α-tubulin as specifi c markers of nuclear and cytoplasmic fractions respectively. Isolated nuclei were washed by STMK buffer twice and immediately used for slide preparation.
The comet assay
Cells or nuclei were embedded in the 0.67 % agarose gel (low-melting point agarose, Sigma, USA) on the surface of a microscope slide. Slides were treated with ice-cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl (pH 8.0), 1 % Triton X-100 (Ferak, Germany)) for several hours. After the lysis slides were washed twice by TBE buffer (89 mM Tris-borat, 2 mM EDTA, pH 7.5) and electrophoresed (1 V/cm, 300 mA) in the same buffer in dark at 4 C. Several slides, which were simultaneously prepared in the same way, were placed into the elec trophoresis tank, and then they were taken out every 10 min of electrophoresis. After electrophoresis sli des were stained with 1.3 μg/ml of DAPI (4',6-dia mi dino-2-phenylindole, Sigma, USA) and immediately analyzed with a fl uorescent microscope (LOMO, Rus sia) connected with a came ra Canon EOS 1000 D. A total 100-150 randomly chosen nucleoids on each slide were examined using image analysis software CometScore (TriTec, USA) to determine the relative amount of DNA in the tails and the tail length. The relative amount of DNA in the tail was determined as the ratio of the tail fl uorescence intensity to the total intensity of the comet. The tail length was defi ned as the distance from the center of mass of the comet head to the distal end of the tail. The length of the comet tail refl ects the contour length of the longest loops in the tail. Taking the contour length of the loop to be rough ly two times longer than the extended loop, the tail length was multiplied by two and divided by 0.34 nm (the distance between the adjacent base pairs) to convert it in the contour length (in base pairs) of the longest loops.
Analysis of the comet assay data
Kinetic plots (the relative amount of DNA in the tail f versus electrophoresis time t) obtained for the nuclei-derived nucleoids were fi tted with the standard equation of monomolecular kinetics:
where A is the maximum relative amount of DNA that can exit, k is the rate constant. The two-step plots obtained for cell-derived nucleoids were fi tted as described [21] with the equation:
where A 1 and A 2 are the maximum amplitudes of the two components, k 1 and k 2 are the rate constants, and t 0 is the transition half-time. The fi rst term in Eq. (2) describes the fi rst rapid phase of the DNA exit, the second term, which obeys the sigmoidal Boltzmann equation, corresponds to the slow sigmoid phase.
The two parameters, the fraction f of DNA in the tail (at a given time) and the contour length s m of the longest loops in the tail, are related by the equation [21] : 
Results and Discussion
The typical images of comets obtained after electrophoresis of nucleoids prepared from nuclei and cells are presented in Fig. 1 : the appearance of the comets is about the same in the two cases. Fig. 2 shows the kinetics of DNA exit from intact non-damaged cellderived nucleoids (A) and nuclei-derived nucleoids (B) along with the time dependent change in the average contour length of the longest loops in the comet tails. Evidently, the DNA loop migration has specifi c features in the two cases. The most signifi cant difference related to the shape of the kinetic plots of the DNA amount in the comet tails: in contrast to cell-derived nucleoids, the stepwise behavior was not observed for nuclei-derived nucleoids and the dependence of the relative amount of DNA in the tails on time was not sigmoid. In our previous work [27] we have explained this difference by peculiarities of the nucleoid microenvironments for these two types of material. The reason is a probable agarose penetration into the nuclei, but not into cells, before polymerization of the agarose gel. As a result, the medium inside the nucleoid head is made by agarose and DNA, with agarose creating a constant friction for the loop movement. This is in contrast to the cell-derived nucleoids, where the friction, which is made by DNA only, changes during electrophoresis due to the DNA exit into the tail thus creating a cooperative effect [27] .
Additionally, there are the following small differences between the two nucleoid types. First, in the case of nuclei-derived nucleoids, as compared to the nucleoids obtained from the whole cells, the contour length of the longest loops in the comet tails tends to be slightly higher at the initial stage of electrophoresis (up to 40 th minute). Second, in contrast to the relative amount of DNA in the tails, which reaches the saturation level and then remains constant for both nucleoid types, the contour length of the longest loops in the comet tails reaches the saturation level during electrophoresis of the cell-derived nucleoids only. It is noteworthy that the fraction of the long loops in the comet tails is very small: their contribution is detectable for the comet tail length, but not for the relative amount of DNA in the tails. Both differences may be explained by somewhat different lysis effi cacy. Indeed, the lysis is expected to be more effective for nuclei (which, during their isolation, are already depleted of cellular membranes and a vast majority of cellular proteins) than for whole cells. Thus, the larger loops can migrate more easily Fig. 2 . The average relative amount of DNA in the tails (f, ○) and the average contour length of the longest loops in the tails (s,□) as functions of electrophoresis duration for nucleoids prepared from cells (A) and from isolated nuclei (B). Each point is an average for 5 to 10 independent experiments. Error bars represent the maximum standard deviations; continuous curves are obtained by fi tting as described in the Materials and methods during electrophoresis of nuclei-derived nucleoids. It is not excluded also that some fragments of cytosceleton, which remain in the cell-derived nucleoids but not in the nuclei-derived ones, may contribute to additional hampering of DNA migration. However, the two small differences are almost within the experimental error (Fig. 2) .
Despite the differences mentioned above, two parameters, the DNA amount in the tails and the tail lengths, change in parallel for both nucleoid types: they both increase with time. This simple observation suggests that the two parameters should be correlated with each other (Fig. 3) . In our previous work we have found that for the cell-derived nucleoids the DNA amount in the tails depends linearly on the tail length [21] . Keeping in mind the distinct kinetic behaviors of DNA migration for the two nucleoid types, one could expect also some differences in the correlations between the DNA amount in the tails and the tail lengths. Fig. 3 shows this is not the case. Obviously, for the loop contour lengths in between ~20 and 100 kb, the correlations are perfectly linear for both nucleoid types. The linearity is disturbed for very long loops, the size of which is close to the limit of the gel resolution.
The dependence in Fig. 3 is, in fact, the cumulative probability for the loops below some size to be present in the nucleoid (and hence in the tail), which obeys Eq. (3). Since some of the contacts between distant loci give rise to the loops, the most stable of which (resistant to lysis conditions) remain in nucleoids and form the comet tail, the parameter p s in Eq. (3) is directly proportional to the probability of contacts between two sites separated by the contour distance s.
It is obvious from Eq. (3) that the DNA fraction in the comet tail (f) may be directly proportional to the longest loop size (s m ) in the case when p s ~ s -1 : then p s and s under integral are canceled and we simply have f = λs m . The power-law scaling p s ~ s -1 corresponds to the so called fractal globule -a polymer state that appears as a result of a polymer condensation [4, 7, 9] . The fractal globule possesses several properties, the most important of which are that the polymer in this state is unknotted and that the probability of contacts between distant loci is directly inversely proportional to the contour distance. This long-lived intermediate polymer state was introduced theoretically in 1988 [8] , but has not been observed in experiments until 2009, when the fi rst experimental evidences for the fractal globule state of interphase chromatin in cell nuclei were obtained using the Hi-C technique [7] . It was shown that the contact probability between two loci as a function of their distance is consistent with a fractal globule organization in the ranges of several megabases (between 0.7 and 7 Mb). At shorter distances (hundreds of kilobases) chromatin was shown to be organized Fig. 3 . Correlation between the average relative amount of DNA in the comet tails (f) and the average contour length of the longest loops in the tail for cell-derived nucleoids (A) and nuclei derived nucleoids (B). Error bars represent the standard deviations in discrete subunits -topologically associating domains (TADs), and it was not clear whether the fractal globule organization persists at low scales [4, 7] . Our results confi rm that, for both cells and isolated nuclei, the fractal globule remains valid for much shorter distances -at the scale of several tens of kilobases.
It should be mentioned that in our experiments the part of DNA, which was found to be able to migrate in the comet tails, is rather small: the saturation levels of the DNA exit were 0.22 in the case of cell-derived nucleoids and 0.19 in the case of nuclei-derived ones (the differences are within the experimental error). The simplest explanation of this limitation, dis cussed in [21] , is related to the loop size: very long loops cannot exit and remain in the comet head even after prolonged electrophoresis. The increase in the loop size may occur as a result of cell lysis due to protein dissociation and/or perturbations in the DNA-protein interactions at the loop anchor points [21] . The question, which has been never answered, is how the anchors may remain in nucleoids after the treatment with 2.5 M NaCl. Some insight may be provided due to a comparison of our results with the recent report on the mapping of 3D chromatin organization with kilobase resolution [6] . Applying high-resolution in situ Hi-C technique Rao et al. has identifi ed 9 448 loops ranged in size from 40 kb to 3 Mb with median length 185 kb. About 86 % of these loops were anchored by two proteins, transcription factor CTCF and cohesin [6] . Taking 6.6·10 6 kb as the size of the diploid genome, the fraction of DNA in these loops f exp ≈ 9448·185·0.86/6.6·10 6 = 0.23. This value is quite comparable with the maximum relative amount of DNA in the tails that was obser ved at the saturation level in our experiments. This fi nding may point out that only the loops that were anchored in vivo by CTCF and cohesins remain in nuc leoids after cell/nuclei lysis. Since the cohesin complex forms a large ring embracing two DNA strands without direct contact [28, 29] , it is not surprising that only the loops anchored in this way resist the lysis treatment.
Conclusions
In this study we present the results of the comet assay applied to investigate the loop length distribution in the comet tail of the two nucleoid types, obtained either from isolated cells or from isolated nuclei. Our results can be summarized as follows. (1) The kinetic behaviors of DNA migration are different for the two nucleoid types. The differences observed may originate from specifi c peculiarities of the nucleoid microenvironments and also by different lysis effi ciency in the two cases. (2) The loop length distribution, in the range from 20 to 100 kb, appears to be consistent with the fractal globule organization. Therefore, the fractal globule model can be valid not only at the scale of several megabases as it has been revealed using Hi-C technique, but also at the scale of several tens of kilobases. (3) Our results, when compared with the recent data obtained by high-resolution Hi-C technique, allows us to suggest that the most stable chromatin loops which remain in nucleoids after cell/nuclei lysis are probably anchored by cohesins.
